occur during ischemia, over and above the depletion of 0 2 and substrate. Three types of experiments were performed. In the first, the changes in extracellular fluid (ECF) composition that occur during ischemia were reduced by dilution with electrolyte solution containing neither 0 2 nor substrate. In the second, exposure to the ischemia-induced changes in the ECF was increased by putting the test retinas in contact with ECF from conditioning retinas that had already been ischemic for 20 or 40 min. In the third type of experiment, the role of Ca ++ was examined by markedly reducing the Ca ++ concentration in the ECF of the energy-deprived cells.
Methods
The procedures for isolating and incubating the retinas and for measuring rates of glucose utilization and protein synthesis have been previously described 1 and will be reviewed here only briefly. Retinas weighing about 75 mg (wet wt) were removed from New Zealand White rabbits and maintained at 37 ± 0.1°C in a medium that resembled human CSF with respect to electrolyte composition and 38 organic constituents. The medium was equilibrated with a gas mixture of 40% 0 2 , 5% C0 2 SUMMARY The purpose of this study was to determine the effect on cell survival of extracellular changes that occur during ischemia, over and above the depletion of 0 2 and substrate. Rabbit retinas were deprived in vitro of both 0 2 and substrate, and then returned to control medium for 4 h before recovery was assessed by measuring protein synthesis, glucose utilization, and tissue water. Experimental conditions were altered in various ways during the period of 0 2 and substrate deprivation in order to modify the changes taking place in the interstitial fluid as a result of the failure of energy metabolism. When 0 2 -free, substrate-free extracellular electrolyte solution was added to the retinas to reduce the ischemia-induced changes in the interstitial fluid, there was marked reduction in irreversible damage. But when energy-deprived retinas were exposed to retinas that had already been ischemic, or to interstitial fluid from ischemic retinas, there was an increase in irreversible damage. Removing Ca + + from the extracellular fluid during the period of energy deprivation increased the damage due to short deprivations in a restricted volume of extracellular fluid, but reduced the damage from longer deprivations in a large volume of extracellular fluid. The results demonstrate that several changes occur in the extracellular fluid during ischemia that significantly affect recovery.
Stroke description of composition and preparation of the medium, and for a photograph of the incubation boat). Control retinas remained in this medium for the duration of the incubation, i.e. for up to 5 h. Test retinas were subjected to different types of ischemic insult, as described below, and then returned to the control medium for 4 h before their recovery was evaluated by measuring water content, 2-deoxyglucose (2-DG) uptake, and leucine incorporation into protein. For the latter measurements, 14 C-2-DG and 3 H-leucine were added together to the medium for a Vz h period ending 15 min before harvesting, the 15 min "chase" having been shown sufficient to clear the tissue of unphosphorylated 2-DG and unincorporated leucine. 1 At the time of harvest, the optic nerve stump was discarded; the retina was touched to glass to remove excess surface wetting; and the retina was weighed wet and again after lyophilization to obtain dry weight and total water. The retina was solubilized with Nuclear-Chicago Solubilizer (NCS), and differentially counted for l4 C and 3 H in a liquid scintillation counter with samples of the labeling medium that had been treated similarly.
Different Types of Ischemic Insult
In all experiments, the retinas were first removed from the control medium and immersed for 1 min in a large volume of solution that contained normal electrolytes but that was devoid of all organic solutes and was equilibrated with 95% N 2 and 5% C0 2 . Depending on the type of experiment, the solution bathing the cells was then altered with respect to volume, previous contact with ischemic cells, or Ca ++ content; but in all experiments the retinas remained completely deprived of 0 2 and exogenous substrate for the duration of the ischemic insult. After the period of ischemia, they were always returned to the control medium for 4 h before being tested for irreversible damage.
To examine the effects of a minimum volume of ECF during energy deprivation, retinas were transferred in the nitrogen atmosphere to a small Teflon container that was tightly sealed with a silicone lid (see ' for photograph) so that they had only their own interstitial fluid (about 35 /*1) as extracellular fluid during the deprivation (ECF = 1 x ISF). In other experiments, the Teflon container contained 70 fil, 100 /x.1, or 500 /x\ (using a larger container) of the 0 2 -free, substrate-free electrolyte solution; so that the total ECF present during the energy deprivation was approximately 3 x, 4 x, or 15 x ISF respectively. In still other experiments, the retina was left motionless in 20 ml of the electrolyte solution in an incubation boat (see 2 for photograph). Since exchange under these circumstances was limited more by diffusion than by volume, we have characterized the condition as ECF = oo. In some experiments, the boat was rocked to cause continuous motion of the retina through the solution and to further increase the effectiveness of the exchange.
Two types of experiments were performed to examine the effects of increasing the retina's exposure to ischemic ISF. Both were performed in the larger-sized Teflon container. In one, a test retina was interposed for 20 min in a sandwich configuration, between two retinas that had already been in the container for 20 min. The control retina for these experiments was similarly interposed between two retinas that had not previously been ischemic. In the other, two conditioning retinas were energy-deprived for 40 min in the Teflon container with 100 fx\ of electrolyte solution. They were then discarded; the volume of the electrolyte solution remaining was determined without exposure to 0 2 ; and the test retina was immersed in it for a 30 min period of energy deprivation. A control retina was subjected to a 30 min deprivation in the same volume of fresh electrolyte solution.
The effect of reducing ECF Ca + + during the period of energy deprivation was tested in experiments in which retinas were energy-deprived in the Teflon container with 100 yu, l of Ca + + -free electrolyte solution, or while motionless in the incubation boat containing 20 ml of Ca ++ -free solution. The test solution was prepared by replacing the CaCl 2 in the control electrolyte solution, isosmotically, with NaCl.
Results

Effects of Dilution of the Interstitial Fluid During Energy Deprivation
When progressively more 0 2 -free, substrate-free electrolyte solution was added to energy-deprived retinas, to increase the volume of their ECF from the volume of the interstitial fluid to a volume 15-fold greater, there was a marked improvement in recovery of protein synthesis ( fig. 1 ) and water content ( fig. 2 ). The improvement in 2-DG uptake ( fig. 3 ) was less marked but also significant (p < 0.01 for 30 min and/? < 0.05 for 40 min of deprivation). Similarly, there was a marked improvement in the three criteria of recovery when the proportion of the time spent in a large volume of ECF, vs. that spent in a restricted volume, was increased from 0% to 50% or 66% ( fig.  4 ). In the latter experiments, recovery was not affected by whether the period in a restricted volume of ECF occurred during the first half or second half; or during the first, middle, or last third of the deprivation period.
However, when the volume of ECF bathing the deprived retinas was further increased from 15 x ISF to a volume that was very large relative to diffusion distances, and then effectively increased even more by moving the retina through the large volume, there was an adverse effect on the retina's recovery as indicated by the latter portions of the curves in figures 1-3. An adverse effect was also observed when the time spent in a large volume of ECF was increased above 66% ( fig. 4 ). The uptake of 2-DG appears to have been more sensitive to this effect than protein synthesis or total water, as indicated by a comparison of the curves in figure 4 and by comparing the 40 min curves in figure 3 with those in figures 1 and 2.
Effect of Exposure to Ischemic Interstitial Fluid During Energy Deprivation
Two types of experiments were performed to examine more directly the effects of ischemic interstitial fluid on the recovery of retinas subjected to marginal periods of energy deprivation. In one, the test retina was interposed between two retinas that had already been ischemic for 20 min, and the paired control was similarly interposed between two retinas that had not been previously ischemic. The test retinas showed a 13% reduction (p < 0.05) in protein synthesis and an 11% reduction (p = 0.15) in glucose utilization, whereas the control retinas showed excellent recovery and did not differ significantly from retinas that had never been ischemic ( experiment, test retinas were deprived of 0 2 and substrate for 30 min while immersed in electrolyte solution that had been in contact with ischemic retinas. The paired controls were similarly deprived while in the same volume of fresh electrolyte solution. As shown in figure 5 , recovery of the test retinas was significantly impaired as assessed by all 3 criteria.
Role of Ca + +
Since an influx of Ca ++ into the energy-deprived cells may have contributed to the findings described above, a series of experiments was performed to examine the effect of removing Ca + + from the ECF during 0 2 and substrate deprivation. When the deprivation was for only 30 min and when the cells had access to a relatively small volume of extracellular fluid (ECF = 4x ISF), omitting Ca ++ caused a reduction in the recovery of leucine incorporation (from 16.2 ± 0.6 (SEM) to 12.8 ± 0.8 nmole/g/min; p < 0.05) and an increase in tissue water (from 6.23 ± 0.19 to 6.99 ± 0.17 ml/g;p = 0.06). However, when the retinas were deprived for 40 min with access to a large volume of extracellular fluid (ECF = 00), the omission of Ca present in a small volume of ECF (i.e., their recovery was less complete when it was omitted); but that severely energy-deprived cells are further damaged by the Ca + + available in a large volume of ECF (i.e., they were protected by its omission). The recovery of protein synthesis reflected both actions of Ca + + , whereas glucose utilization appeared to be more responsive to its potential for damage, and the maintenance of normal water content appeared more responsive to its protective role. A possible explanation for the diphasic action of Ca ++ is presented below.
Discussion Adverse Effects of Ischemic Interstitial Fluid on Survival
The initial portions of the curves in figures \-A demonstrate a protective effect from the dilution of the ischemic interstitial fluid, and the results in figure 5 and table 1 demonstrate an adverse effect from increasing the retina's exposure to this fluid. The retina's response in both types of experiment indicates that the development of irreversible damage during an ischemic insult may depend on factors in addition to energy deprivation per se, and the effects of these extracellular factors may be large. For example, retinas that were energy-deprived for 30 min recovered less than 50% of their protein synthetic capacity if the interstitial fluid was undiluted; but they recovered fully if their interstitial fluid had been diluted 15-fold with 0 2 -free, substrate-free electrolyte solution ( fig. 1 ). Retinas that were energy-deprived for 30 min while bathed in ECF that had been in contact with ischemic retinas exhibited a 70% greater reduction in their protein synthetic capacity than retinas that were energy-deprived in the same volume of unconditioned electrolyte solution ( fig. 5 ). The toxicity of the ischemic interstitial fluid may have resulted from the addition of substances that were damaging to the cells or from the depletion of beneficial constituents. Both types of change probably occurred.
Substances whose accumulation may contribute to loss of viability during ischemia include K + , 3 lactate, 4 NH 4 + , 5 and the products of phospholipid breakdown. 6 The last 2 are of particular interest. Ischemia causes brain NH 4 + to increase rapidly 7 8 to levels that are toxic to the cells.
9-" There is also a rapid breakdown of phospholipids, 6 with the production of 4 potentially toxic products -the free fatty acids themselves, [12] [13] [14] prostaglandins derived from arachidonic acid, 15 lysophosphoglycerides, 16 and phosphatidic acid. 17 Of the substances (in addition to 0 2 and energy substrate) whose depletion may have contributed to the damage, the most likely candidates are Ca ++ and Mg + + . The Ca + + gradient normally maintained across the plasma membrane is far from electrochemical equilibrium; and there is a prompt influx of Ca ++ when energy metabolism fails. Measurements with ion-selective micropipettes of the extracellular Ca + + concentration in rat cerebellum have shown a 90% reduction within 5 min following circulatory arrest. 18 In view of the importance of extracellular Ca + + in maintaining the integrity of plasma membranes, 19 
Implications of the Positive Feedback Feature
If energy deprivation, which may itself be irreversible, leads to a change in the composition of the interstitial fluid that also restricts recovery, it seems apparent that the system has the potential for a positive feedback of serious consequence. This would have two implications with respect to the tissue's response. (1) As the duration of the ischemia exceeds the time for the appearance of irreversible damage, the amount of damage would be expected to increase very rapidly. (2) As the more vulnerable cells are damaged, their effect on the interstitial fluid would be expected to involve neighboring cells, so that there would be a generalized loss of viability. Experimental evidence appears to support both predictions.
In experiments in which the duration of energy deprivation was progressively increased, from durations compatible with full recovery to durations that resulted in a major degree of irreversible damage, one of the features that most distinguished the retinas deprived in a small volume of extracellular fluid from those deprived in a large volume was the high rate at which viability was lost when the tolerable limit was exceeded (see, for example, fig. 2 in 22 ). When histological examination was performed on retinas subjected to progressively longer periods of energy deprivation, the retinas deprived in a small volume of extracellular fluid showed not only an earlier but also a more generalized and more nearly simultaneous involvement of all cell types; whereas, in retinas deprived in a large volume, some cell types appeared much more resistant than others. 23 Occlusion of the middle cerebral artery of monkeys may or may not result in infarction, depending on the collaterals; 24 but when an infarction occurs it is usually (5) 6.07 + 0.15 (5) 0.99 ±0.03 (5) Retinas were deprived of 0 2 and substrate for 20 min and then returned to control medium for 4 h before their recovery was assessed. Both test and control retinas were interposed between 2 other retinas during the period of deprivation, but the retinas in contact with the test retina had already been ischemic for 20 min while those in contact with the control retina had not. Retinas were deprived of 0 2 and substrate, with or without Ca+ + , and returned to control medium for 4 h before recovery was assessed. The difference in recovery between retinas deprived without Ca+ + and retinas deprived with Ca ++ has been expressed as a per cent, with negative values indicating that omission of Ca + + led to diminution of leucine incorporation and 2DG uptake and an increase in total water. Confidence limits have been calculated as S.E.M. when the numbers in the groups being compared were sufficient. *p < 0.05; tp < 0.005; %p < 0.01; §p < 0.06. sharply demarcated. 25 A similar histological appearance is characteristic of cerebrovascular accidents in humans ( fig. 6) . Thus, the size of the infarct appears to be inversely related to the amount of collateral blood supply, but where the infarct is present it involves all cell types. In view of the differences in metabolic requirements between gray matter and white matter and between neurons and glia, and in view of the graded reduction in blood flow that occurs as a result of the collaterals, 24 the all-or-none characteristic of the CNS infarction is quite unexpected. It would, however, be a predictable consequence if there were a positive feedback component to the ischemic damage so that, as the more vulnerable cells are irreversibly damaged, their effect on the composition of the interstitial fluid determines the demise of their already weakened neighbors.
Biphasic Effect of Increasing ECF Volume During Energy Deprivation
As the volume of electrolyte solution bathing the cells during the period of energy deprivation was increased to more than 15 x the volume of interstitial fluid and as exchange was further facilitated by moving the tissue through the larger volume of fluid, there was an increase in damage rather than further improvement. And, similarly, as the proportion of the time during which the cells were bathed by a large vs. a small volume was increased above 66%, there was also an increase in the amount of damage, at least with respect to the recovery of 2-DG uptake (p < 0.05). This biphasic response to increasing the volume of ECF is clearly evident in the inflections of the curves in figures 1-4. It indicates that, whereas moderate dilution of the ischemic ISF was beneficial, further dilution had a net adverse effect.
The adverse effect of a large extracellular volume might be the consequence of the elution from the cells of substances required for recovery. Energy-deprived cells would be expected to be particularly susceptible to depletion of endogenous substrates and cofactors, both because synthesis is impaired and because loss from the cell may be increased owing to increased permeability of plasma membranes 22 and failure of active transport systems. Phizackerley and Fixter 26 found that the recovery of brain slices was markedly impaired when the volume of ECF was increased during 0 2 and substrate deprivation, and they obtained evidence that the adverse effect of the larger volume was due in part to elution of glutamine. Glutamine depletion of CNS cells has also been observed in vivo during, and following, severe hypoglycemia. 27 Glucose may represent a special case in which there is elution of substrate being transferred between cells. The retinal glia, or Mueller cells, contain glycogen and glucose-6-phosphatase; and they presumably provide glucose to adjacent neurons at times of increased demand or decreased supply. 28 -29 Increasing diffusional exchange between the retina and the electrolyte solution may have deprived the neurons of some of this glucose. It is of interest in this regard that, of the 3 criteria of recovery, the recovery of glucose utilization was the one most impaired by a large increase in the cells' exchange with the ECF (fig-4 ).
An alternative, or additional, explanation for adverse effects of increasing diffusional exchange with the electrolyte solution is the additional Ca + + that is made available. There is considerable evidence that the net flux of Ca ++ into ischemic cells contributes FIGURE 6 from the extracellular fluid sometimes impaired recovery and sometimes improved recovery, depending on the circumstances. Both effects were statistically significant. They are explicable if the Ca ++ influx that occurs during energy deprivation had adverse effects both because of the extracellular depletion and the intracellular accumulation. The former predominates when the extracellular fluid volume is restricted and the ischemia is of marginal duration with respect to irreversibility. The latter predominates when extracellular fluid volume is large and energy deprivation prolonged. If this interpretation is correct, altering extracellular Ca ++ concentration will have less potential as a protective measure than reducing Ca ++ permeability, perhaps with Ca ++ entry blockers. The experiments described here indicate that damage from ischemia is determined not only by the extent of 0 2 and substrate deprivation but also by other abnormalities in the cells' exchange with their surrounding ECF. When extracellular volume was restricted, as in complete circulatory arrest, recovery appears to have been limited by the accumulation of toxic catabolic products, and by the fall in ECF Ca + + . When the energy-deprived cells had access to a large extracellular volume, recovery appears to have been limited by the elution of endogenous substrates or cofactors, and by the availability of excessive amounts of Ca + + . The experiments in which energy-deprived retinas were exposed to a large extracellular volume did not duplicate a condition that occurs in vivo, since the ECF was completely devoid of O, and exogenous substrates. However, the retina's response to these conditions may be relevant to the response of in vivo brain when blood flow is allowed to continue, but at a level that is insufficient to maintain viability. Under these circumstances, recovery has sometimes been less complete than with no blood flow at all.
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We still know relatively little about the ECF changes that occur during ischemia, and how they affect recovery. More information will be required before we can fully understand the cells' response to ischemia and identify the causal sequences that determine irreversibility. More information about the ECF changes in different clinical situations will probably help explain the diversity of the pathological responses, since it is likely that the factors that limit survival will be found to differ, depending on the nature of the insult. ANGIOGRAPHIC ARTERIAL LUMINAL NAR-ROWING, a common complication of aneurysmal subarachnoid hemorrhage, most frequently has been attributed to vasospasm, implying that an abnormal muscular contraction has taken place in the cerebral vessel. [1] [2] [3] Although vessel constriction has been observed immediately after hemorrhage, a second phase apparently begins after a few hours and persists for days or weeks. The delayed or persistent phase seems to be associated with the high morbidity. [3] [4] [5] [6] [7] Little emphasis has been given to structural alterations in the cerebral arteries, perhaps because the time course over which these changes have been observed has not appeared consistent with the radiographic appearance of constriction. Pathological alterations are generally believed to appear weeks following aneurysm rupture and the magnitude of damage has not been regarded sufficient nor its appearance early enough to explain the reduced luminal diameter seen angiographically. 5 8 Recently, morphological alterations, similar to those observed after subarachnoid hemorrhage in man were produced by arterial rupture in the primate. 9 ' 10 Within 3 days of subarachnoid hemorrhage (SAH), changes in the intimal and medial layer were apparent and constriction in the vessel, due to loss of compliance, was seen several days before morphological changes became florid, in the second week following subarachnoid hemorrhage. 9 Since many patients linger in a vegetative state as a result of cerebral infarction, there has been little opportunity to examine the vessels early in the course of subarachnoid hemorrhage and to correlate these with premortem angiography. In Conway's series of 12 patients, in only one instance had angiography been carried out and pathological examination conducted within one week of hemorrhage. 5 Premortem arterial narrowing was observed. Mizukami's series also includes one examination eight days after hemorrhage in which angiography demonstrated constriction and early morphological findings were present." In Crompton's series, 37% of all patients with cerebral infarction showed arterial constriction on the angiogram but neither temporal nor anatomical correlations were made. 4 Since most histological studies have not concentrated on these earlier subtle changes, we have reviewed our own recent series with the objective of making anatomical-angiographic correlates. Denoting factors bearing upon the development of the angiopathy was a further goal of this project.
Materials and Methods
The seventy-seven patients with fatal subarachnoid hemorrhage (SAH) studied at University of Mississippi Medical Center over the past 15 years were reviewed in a retrospective post-mortem study; both angiograms and tissue slides were available in 38 (50%). In others, tissues were available but angiographic data was lacking. Of the 38 patients with SAH having both angiography and tissue slides, 28 of them had evidence of the rupture of a cerebral aneurysm. While all 38 cases were analyzed as a group, the 28 due to aneurysmal rupture were viewed separately since they repre- SUMMARY In patients with subarachnoid hemorrhage, particularly hemorrhage due to aneurysmal rupture, there was a positive significant relation between angiographic vessel constriction and vessel pathology (angiopathy). Furthermore, there was a positive relationship between post-hemorrhage survival time and the severity of angiopathy. Factors such as age, sex, operations, steroid and CSF pressure seemed to have little affect on angiopathy following hemorrhage. Pathological changes were primarily limited to the involved major cerebral vessels themselves, with their branches rarely being affected. While intramural vascular hemorrhage was a common pathological feature in vessels showing severe pathology, the mere presence of blood surrounding an artery seemed to have little influence on vessel alterations.
